Abstract-Molecular dynamics (MD) simulations and experimental evaporation were applied to study the growth of evaporated (Cu)ZnTe on mono-and polycrystalline CdTe. The simulated structures show polytypism and polycrystallinity, including texturing and grain boundaries, diffusion, and other phenomena in excellent qualitative agreement with experimental atomic probe tomography, transmission electron microscope, and secondary ion mass spectrometry. Results show formation of Cu clusters in nonstoichiometric growths even at early stages of deposition. Results also show significantly faster diffusion along defected regions (uncorrelated CdTe grain boundaries) as compared with more highly crystalline areas (high-symmetry grain boundaries and pristine regions). Activation energies and pre-exponential factors of Cu, Zn, and Te diffusion were determined using simulation. The MD model captures crystal growth phenomena with a high degree of fidelity.
to their low manufacturing cost [1] , short payback time [2] , and high theoretical efficiency [3] . To date, the highest laboratory efficiency is ∼7% lower than the theoretical efficiency [4] mainly due to a low open-circuit voltage (Voc). Low Voc is attributed in part to a high energy barrier created by a high work function offset between the CdTe and its metal contact [5] . A widely known strategy to overcome this energy barrier is through the addition of a buffer layer. The goal of this layer is to compensate for CdTe low doping and to accept the flow of positive charges from the CdTe by making a smaller valence band offset with CdTe [6] . (Cu)ZnTe has strategically been used as a buffer layer for CdTe solar cells. Current CdTe solar cells and commercially available CdTe modules have already integrated the (Cu)ZnTe buffer layer with significant improvements to the efficiency [7] . However, recent experiments have shown that Cu clusters are formed at the (Cu)ZnTe/CdTe interface [8] . Cu clusters at the interface may inhibit CdTe doping by creating disturbances in the stoichiometry. However, studies of the cluster growth and their effects on the crystalline structure of the interface are lacking. To augment experimental work, we apply molecular dynamics (MD) simulations to study the formation of clusters, incorporation of Cu into the lattice during cluster formation, and the interdiffusion of (Cu)ZnTe/CdTe after clustering.
II. METHODOLOGY

A. Growth Simulation
The MD simulations were performed using the large-scale atomic/molecular massively parallel simulator [9] on the Gordon computer cluster at the San Diego Supercomputer Center (SDSC) under the Extreme Science and Engineering Discovery Environment program [10] . A Stillinger-Weber potential [11] , [12] was used to define interatomic forces. Periodic boundary conditions were used in the thin film in-plane directions (X-and Z-axes). Deposition temperature, adatom far field kinetic energy, total deposition time, and rate were ∼1150 K, 0.5 eV/atom, ∼42.4 ns, and ∼4Å/ns, respectively. Canonical Ensemble (NVT) thermostat was used for the simulation with a damping time of 0.1 ps. Single adatoms were sequentially injected toward the growth surface at a perpendicular angle. Note that the simulated growth rate is about 10 9 times faster the one normally used in the experiment. This approximation is necessary because MD is computationally expensive so that materials sufficient for the analysis must be deposited within an extremely short period. However, the effect of the accelerated growth rate 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
is mitigated by elevated temperatures where adatoms can always find low energy surface sites within the short period before buried by other adatoms [13] , [14] . Also note that for our growth rate (∼4Å/ns), and our simulated surface area (300 × 100Å 2 ), the adatom arrival time is 1 ps. This arrival time is sufficiently long for the thermostatted region to extract most of the added energy as we did not observe a significant increase in system temperature during simulations.
We performed two sets of simulations. One set of growths was performed on a single-crystalline (SX) substrate and another on a polycrystalline substrate (PX). The SX case consisted of a 150Å CdTe film deposited on a perfect, (111) oriented, CdTe single crystalline substrate with a nominal thickness of ∼6 monolayers. During simulations, the bottom ∼2 monolayers of substrate atoms were fixed. Four sets of Cu:Zn:Te films were then deposited from vapor sources having flux ratios of (0:1:1), (2:9:9), (1:4:5), and (1:1:1) to study the effect of Cu loading. The 2:9:9 ratio was selected to match nonstoichiometric 10% experimental conditions described below. The 1:4:5 ratio, which represents a stoichiometric 10% Cu loading, was included for comparison with the nonstoichiometric case. These ratios are referred to as nominally 0%, 10%, stoichiometric 10% and 33%, respectively. The PX substrate consisted of a 100Å CdTe film deposited on a 120Å polycrystalline CdS layer. Similar to the SX simulations, the bottom ∼2 monolayers of substrate atoms were fixed during growth for the PX simulations. Two sets of Cu:Zn:Te films were then deposited on the PX substrate having vapor flux ratios of 2:9:9 (10%) and 1:4:5 (stoichiometric 10%). The simulated surface area was approximately 300 × 100Å 2 , and the film thickness was about ∼230Å for the SX samples and ∼320Å for PX samples. Computationally, a total of 32 computer cores were used for each simulation run of 48 h. Four simulation runs were used for the SX samples and six simulation runs for the PX samples.
B. Experimental
To validate simulations, experiments were performed to analyze nanoscale structures of CdTe solar cells as described in the literature [15] , [16] . Briefly, 1500Å of CdS is deposited on commercial FTO-coated glass by evaporation. Next, ∼4 µm of CdTe is deposited and subsequently exposed to vapor CdCl2 treatment at 400°C. Before back contact deposition the device is briefly dipped in a methanol/Br2 mixture to remove surface contaminants from the CdCl2 treatment step. A ZnTe:Cu buffer layer is deposited by coevaporating ZnTe and Cu at deposition ratios of ∼5Å/s and ∼0.5Å/s, respectively. Deposition time was ∼5 min to obtain a total thickness of 1500Å for ZnTe and 150Å for Cu as measured by quartz crystal microbalance. The device structure was completed by evaporation of 1000Å of gold, which served as the metallization layer. Device activation was achieved by rapid thermal process (RTP) for 30 s at 320°C. Posteriorly, an additional RTP process of 30 s at 330°C was performed in order to study the impact of an extra thermal process.
Atom probe tomography (APT) analyses were performed on a Cameca LEAP 4000X Si local electrode atom probe instrument using parameters optimized for quantitative evaluation of these materials [8] . Additionally, transmission electron mi- croscopy (TEM) images before and after APT analyses were acquired with a Philips CM200 TEM using a holder specifically designed for imaging APT specimens [17] . High-resolution TEM imaging was carried out in a FEI Tecnai F20 equipped with an Oxford Instruments X-Max 80 silicon drift detector energy dispersive X-ray detector (EDX). EDX was used to produce chemical distribution maps of the cells as well as line scans and point analysis for quantitative elemental analysis. Dynamic secondary ion mass spectrometry was performed using an ION-TOF Model IV, and the copper density was quantified by normalizing the measured Cu/Te ratio to the copper content in the as-deposited sample which was quantified by APT.
III. PREDICTED AND EXPERIMENTAL FINDINGS
A. Simulated Atomic Species Maps
Cross-sectional atomic species maps of the resulting films from the simulated depositions on the monocrystalline and polycrystalline substrates are shown in Fig. 1 . Fig. 1(a) -(d) are films deposited with Cu loading of 0%, 10%, stoichiometric 10%, and 33% on the monocrystalline substrate. The average copper content (# Cu atoms/total # atoms) in the epilayer films were 0%, 9.29%, 9.85%, and 33.35%, in general agreement with the respective vapor fluxes. Fig. 1 (e) and (f) are films deposited with Cu loading of 10% and stoichiometric 10% on the polycrystalline substrate. Similar to the monocrystalline case, the average copper content in the films were 9.68% and 9.86%, in good agreement with the vapor fluxes. However, in contrast to the monocrystalline samples, the PX samples exhibited pronounced texturing and grain boundaries, consistent with the experimental results [18] . Moreover, the PX samples displayed Fig. 1(c) and (f) . In general, the clusters are composed of pure Cu atoms and increase in size with Cu content. Time evolution analysis of the growth showed an increase in cluster size with deposition time before reaching a plateau. For example, a cluster in each of the 10% SX and 33% SX samples were individually analyzed and observed to grow with time until maximum sizes of 70 and 680 Cu atoms were reached, respectively. Cluster coalescence was also observed during growth as shown by the arrows in Fig. 2(a) and (b), and also in Fig. 1(d) pointing a dumbbellshaped cluster formed by the coalescence of two neighboring clusters.
B. Simulated Structural Maps
The crystalline structures of the films in Fig. 1 were analyzed using a color coded mapping scheme as shown in Fig. 3 , where local zinc-blende (ZB) and wurtzite (WZ) structures are indicated by red and blue atoms, respectively. Atoms that did not match either ZB or WZ are indicated in gray and labeled "UD" for undetermined. A striking feature of the structural maps in Fig. 3 is that they clearly reveal polycrystallinity and polytypism (i.e., different material domains adopt different crystal structures such as ZB and WZ). Analysis of the (Cu)ZnTe films shows that they mimicked the polytype and orientation of the underlying crystals indicating a high degree of epitaxy. In the SX samples, the epilayers grew in the same orientation as the underlying substrate and exhibit polytypism. Similarly, in the PX samples, Fig. 3(e) and (f) show multiple grain orientations and grain boundary networks typical of polycrystalline films. Stacking faults are also observed as red stripped (WZ) regions within the grains [19] .
The predominant polytypes in all the samples are WZ and ZB, in agreement with experimental findings in the litera- ture [20] . Interestingly, the SX samples are predominantly WZ [see Fig. 3 (a)-(d)] in agreement with simulated CdTe/CdS interfaces grown by MD found in the literature [21] . On the other hand, the PX samples are mainly ZB [see Fig. 3 (e) and (f)]. The undetermined atoms are mostly located in disordered regions associated with dislocations, clusters, grain boundaries, and partial dislocations bounding stacking faults with line direction normal to the image (Z-direction). The Cu clusters in Fig. 3(d) are mostly undetermined although a small fraction was observed to be nucleated into FCC and HCP lattices. In the 33% SX sample, the Cu clusters bound stacking faults, where otherwise Shockley partial dislocations might be located. In the 10% PX sample, the clusters form mainly at defected regions suggesting rejection of excess Cu atoms from the matrix to defected regions where they precipitate.
C. Experimental Structural Corroboration
The simulation results are consistent in the APT experiments shown in Fig. 4 , where 4(a) is obtained from the as-deposited sample and 4(b) from a sample processed with an optimal RTP treatment (30 s at 873 K). In the APT images, Cd, Zn, and Cu are displayed in black, grey, and orange, respectively, and Te is excluded for clarity. Sharp ZnTe/CdTe interfaces, demarked by the grey/black borders, are observed in all samples. Note that while the intent of coevaporation of Cu was to create a uniform copper distribution throughout the buffer layer, significant heterogeneity in the copper distribution, especially the copper clustering, is observed in all samples. This finding indicates that it is challenging to achieve uniform copper distribution even with the coevaporation process. Fig. 4(b) shows that the segregation of copper toward both the Au contact layer (tip of the APT image) and CdTe interfaces was significantly enhanced by the RTP treatment. This coincides with the formation of larger copper clusters and the increase of the local average copper content from 9.8 at. % in the as-deposited case to 50 at. % or above in the RTP case. These images suggest that copper redistribution within the ZnTe region is controlled primarily by thermodynamic parameters such as solubility and partition functions as opposed to Fickian diffusion. The high localized levels of Cu suggest the possibility of Cu x Te formation, as the regions with elevated Cu content are well correlated to displacement of Zn. This finding is perhaps not surprising given that the formation energy of Cu 2 Te is close to zero [22] . Fig. 1 indicates diffusion of Cu and Zn into CdTe substrates and Cd into the (Cu)ZnTe epilayers. Moreover, detailed structural analysis revealed that the Cd atoms that diffuse into the (Cu)ZnTe incorporated very well in the lattice. In contrast, the Cu and Zn atoms that diffuse into the CdTe substrate are not as well incorporated into the lattice and a significant percentage presumably reside in interstitial and other defected sites. However, the Cu atoms that are incorporated into the lattice reside in group II sublattice sites.
D. Predicted Compositional Profiles and Diffusion
Inspection of
Independent of the simulated growths, a study was performed to determine the activation energies Q (eV) and pre-exponential factors D0 (Å 2 / ps) of Cu, Zn, and Te diffusion using an established approach [23] . In these simulations, simulated annealing is performed at different temperatures for samples with different vacancy concentrations. The mean square displacement of diffusion species is used to calculate diffusivities and the diffusivities at different temperatures and different vacancy concentrations are fitted to Arrhenius equation to obtain activation energy and pre-exponential factor. Highly converged Arrhenius fits were achieved at our extremely long simulation time of 1000 ns. One useful result that can be applied here is that the activation energy is independent of the vacancy concentration whereas the pre-exponential factor is proportional to the vacancy concentration. Using a Cu 0.1 Zn 0.9 Te sample, we found that the activation energies for Cu, Zn, and Te diffusion are 2.8, 1.9, and 1.9 eV, respectively. Note that these diffusion energy barriers are for the substitutional diffusion of Cu, Zn, and Te in bulk crystals through the vacancy migration mechanism. They do not contribute to the surface structures observed in Fig. 2(a) and (b) . Enhanced diffusion is observed during growth because 1) surface diffusion barriers are lower; 2) growth defects facilitate diffusion; and 3) adatoms have initial kinetic energy and can additionally release latent heat, resulting in a transient local high temperature and biased diffusion [24] , [25] . In order to study diffusion in the samples, compositional profiles and diffusion coefficients were calculated as shown in Fig. 5 . Complimentary-error functions shown as solid curves in Fig. 5 were fitted to the composition profiles using the diffusion coefficient as the sole fitting parameter. The peak concentration parameter was obtained from the resulting compositional profiles. However, the light blue bands in Fig. 5 correspond to regions of significant interfacial roughness and care was taken to fit the complementary-error functions outside those regions. The pre-exponential factors were then calculated using the parameters from the curve fit (diffusion coefficient). The pre-exponential factors and diffusion coefficients obtained are listed in Table I . The main result from the compositional profiles is that defects enhance diffusion. This is evidenced by the enhanced diffusion tails of Cd in the 33% sample, which contains large clusters and high degree of defects in the epilayer. The PX samples which contain grain boundary networks and generally a high degree of disorder showed ∼2× faster diffusion compared with the SX samples presumably due to enhanced diffusion through the grain boundaries and other defects such as suitably oriented stacking faults. Interestingly, diffusion was generally faster in the epilayers compared with their respective substrate in most of the samples [e.g., Fig. 5(b) ]. This observation suggests that Cd exists deeper in the grown film than Zn and Cu exists in the substrate due to the greater Cd diffusion to the epilayer.
E. Localized Diffusion Analysis-Effect of Defects on Diffusion
Motivated by the observation in the previous section that defects enhance diffusion, a more detailed analysis of the effect of defects on diffusion was performed. In this study, cross-sectional elemental mappings of the 10% PX simulated and experimental samples that contained highly crystalline areas, stacking faults, and grain boundaries were performed to obtain a direct comparison of their effect on diffusion. The elemental maps obtained from simulation and experimental EDS are compared in Fig. 6 .
The simulated cross section shown in Fig. 6 (a) contains a pristine area, a stacking fault, and a grain boundary. The EDS images in Fig. 6(b) were obtained from a TEM cross section that contained two large CdTe grains that meet at the vertex of the ZnTe/CdTe interface (white line), with their boundary running vertically from that point. The grain on the right was pristine whereas the grain on the left contains a defect adjacent to the interface. The defect is deficient in Cd and preferentially enriched in Cu, Te, and Zn. Interdiffusion of Cu, Cd, and Zn atoms can be seen in both simulated and experimental mappings. Fig. 6 (a) reveals that most diffusion occurred through the grain boundary (labeled as GB), some diffusion also proceeded through the stacking fault (labeled as SF), but no diffusion can be found in the regions with no defects (labeled as SX). These theoretical predictions are in qualitative agreement with the experimental images shown in Fig. 6(b) , where interdiffusion is pronounced at the defect and along the grain boundary.
Localized Cu compositional profiles were computed separately for the regions that were highly crystalline, contained the stacking fault, and contained the grain boundary in the 10% PX simulated sample. The results are shown in Fig. 7 . Complementary-error functions were fitted to the data to obtain D and D0 and are listed in Table II. From Table II , it can be seen that as anticipated, diffusion was fastest through the grain boundary presumably due to the higher degree of disorder in that region. This was followed by the stacking fault which had higher diffusion compared with the highly perfect area.
In the previous section, the pre-exponential factors in PX samples were higher compared with the SX samples since defect concentration leads to a higher density of defective sites that have sufficient space for atoms to travel. This is corroborated by the deeper diffusion of Cu into the regions with defects of the 10% PX sample. Notice that the pre-exponential factor increases as the defect density increases.
IV. CONCLUSION
Our molecular dynamics studies have reached the following conclusions.
1) Simulated structures show polytypism and polycrystallinity, including texturing and grain boundaries, which are in excellent qualitative agreement with experimental results. 2) Stoichiometry of the (Cu)ZnTe layer plays an important role in the formation of Cu clusters. 3) The predominant structure is wurtzite in the monocrystalline samples and zinc-blende in the polycrystalline samples. 4) Overall, high percentages of Cu and Zn atoms are not incorporated into the lattice sites. Instead, they occupy either interstitial or defective sites. 5) At the presence of Cu, Cd diffuses into the epilayer and this diffusion increases as the Cu loading is increased. 6) Prediction of enhanced diffusivities and pre-exponential factors by increased defect concentration is supported by the localized diffusion analysis of the experimental micrographs.
